Abstract-Presently, there is interest in making medical devices such as expandable stents and intravascular microactuators from shape memory polymer (SMP). One of the key challenges in realizing SMP medical devices is the implementation of a safe and effective method of thermally actuating various device geometries in vivo. A novel scheme of actuation by Curie-thermoregulated inductive heating is presented. Prototype medical devices made from SMP loaded with nickel zinc ferrite ferromagnetic particles were actuated in air by applying an alternating magnetic field to induce heating. Dynamic mechanical thermal analysis was performed on both the particle-loaded and neat SMP materials to assess the impact of the ferrite particles on the mechanical properties of the samples. Calorimetry was used to quantify the rate of heat generation as a function of particle size and volumetric loading of ferrite particles in the SMP. These tests demonstrated the feasibility of SMP actuation by inductive heating. Rapid and uniform heating was achieved in complex device geometries and particle loading up to 10% volume content did not interfere with the shape recovery of the SMP.
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I. INTRODUCTION

S
HAPE MEMORY POLYMERs (SMPs) are a class of polymeric materials that can be formed into a specific primary shape, reformed into a stable secondary shape, and then controllably actuated to recover the primary shape. A review of SMP basics and representative polymers was given by Lendlein [1] . The majority of SMPs are actuated thermally, by raising the temperature of the polymer above the glass (or crystalline) transition of the matrix phase. Typically, through this transition the modulus decreases from that characteristic of the glassy state ( Pa) to that of an elastomer ( -Pa). Upon cooling, the original modulus is almost completely recovered *P. R. Buckley is with the Lawrence Livermore National Laboratory, Livermore, CA 94550 USA (e-mail: buckley@alum.mit.edu).
G. [2] and shape memory ceramics [3] being the two other major classes [4] , SMPs have a number of unique and promising properties. Specifically, in the field of medicine, research into the development of new SMP with adjustable modulus [5] , greater strain recovery, an adjustable actuation temperature, and the option of bioresorption [1] , [6] has opened the possibility for new medical devices and applications. Some SMP devices that are being researched presently include an occlusive device for embolization in aneurysms [7] , a microactuator for removing clots in ischemic stroke patients [8] , [9] , a variety of expandable stents with drug delivery mechanism [10] , [11] , cell seeded prosthetic valves [11] , and self tensioning sutures [1] . One of the key challenges in realizing SMP medical devices is the design and implementation of a safe and effective method of thermally actuating a variety of device geometries in vivo. When the soft phase glass transition temperature of the SMP is above body temperature, an external heating mechanism, usually photothermal (laser heating) or electrical (resistive heating, or electric field) is required [8] , [12] . A novel alternative to these methods of actuation is inductive heating: loading ferromagnetic particles into the SMP and exposing the doped SMP to an alternating magnetic field to cause heating.
The use of magnetic particles and an applied magnetic field has a variety of potential advantages over previous actuation methods. One of the key advantages is the innate thermoregulation offered by a ferromagnetic material's Curie temperature . is the temperature at which a ferromagnetic material becomes paramagnetic, losing its ability to generate heat via a hysteresis loss mechanism [13] . By using particle sizes and materials that will heat mainly via a magnetic hysteresis loss mechanism instead of an eddy current mechanism, it becomes possible to have an innate thermoregulation mechanism that limits the maximum achievable temperature to . By selecting a ferromagnetic particle material with a within safe medical limits, Curie thermoregulation eliminates the danger of overheating and the need for a feedback system to monitor device temperatures. Other benefits of the inductive heating approach are the following. 1) Power transmission lines leading to a SMP device are eliminated. Eliminating fiber optics and wires and the connection of these items to a device simplifies design and eliminates a possible point of failure. 2) More complex device shapes are possible. Provided that uniform distribution of the magnetic particles is achieved, the conduction lengths are short and consistent heating is expected for any type of device geometry, whereas traditional laser and electro-resistive heating methods impose constraints on device geometry due to the requirement of correct light refraction/absorption and thermal conduction through the device geometry. 3) Selective heating of specific device areas is possible by impregnating only the desired areas with magnetic particles. This scheme, in effect, allows a device to have a variable modulus from location to location in the device, introducing a new design variable and the possibility for new types of devices. 4) Remote actuation allows for the possibility of implantable devices that can be later actuated by an externally applied magnetic field, opening the possibility for an entirely new class of SMP devices such as tissue scaffolds for tissue regeneration. The use of medically safe magnetic fields to selectively heat Curie thermoregulated ferromagnetic materials in vivo to temperatures of C, has been demonstrated in a number of hyperthermia studies [14] - [19] suggesting the feasibility of the same approach to actuate SMP devices in vivo. The impact of particle size and material processing on the magnetic loss mechanisms and heating characteristics of magnetic particles is quite complicated but is fairly well understood thanks to previous research [20] , [21] . Theories have been developed that allow analytical techniques to optimize particle size and processing to maximize heating for a specified amplitude and frequency magnetic field [22] , [23] . In fact, particle sizing and material processing to optimize heating characteristics in medically safe magnetic fields for biocompatible magnetite materials has already been laid out in research done on magnetic fluid hyperthermia (MFH) [20] , [22] , [24] . If anything, these previously reported magnetite particles heating efficiencies are overly optimized for an SMP application as it will be possible to have higher concentrations of particles in the SMP than it is possible to achieve in cancerous cells, which must be enticed to take up the particles and are only expected to have particle concentrations of roughly 15 mg Fe/g [25] . Unfortunately, these magnetite-based MFH particles that have been optimized for heating efficiency are not optimized for Curie thermoregulation, which is a desired property for particles used in an SMP application. Materials tailored to have a Curie temperature in the physiologically useful range have been developed [26] , but are often less biocompatible then the magnetite materials previously mentioned. The biocompatibility requirements for the proposed SMP application require further investigation.
In this work, nickel zinc ferrite particles were used to achieve SMP actuation by inductive heating. Prototype SMP medical devices made from nickel zinc ferrite loaded SMP were thermally actuated in air using a 12.2 MHz magnetic field to demonstrate feasibility of the inductive heating approach. The effect of volumetric particle loading from 1% to 20% on the heating efficiency of the magnetic particles was also investigated. Dynamic mechanical thermal analysis (DMTA) was used to assess the change in mechanical properties of the SMP with the addition of particles at 10% volume content.
II. MATERIALS AND METHODS
A. Magnetic Particles
Nickel zinc ferrites are one class of material that shows promise for an inductively heated SMP application. Research into the use of inductively heated particles for the bonding and curing of thermoplastics has already demonstrated that nickel zinc ferrites can have variable Curie temperature through zinc substitution, as shown in Fig. 1 , as well as the ability to achieve self-thermoregulation via a Curie hysteresis mechanism [27] . Besides having an adjustable Curie temperature, nickel zinc ferrites have other material properties that make them well-suited to the proposed SMP application. They have a high electrical resistivity, on the order of -Ohm-cm, this serves to minimize eddy current heating [27] allowing heat to be generated mainly via hysteresis losses. They are also environmentally stable, making it less likely that the particles will react with the polymer material.
Three compositions of nickel zinc ferrites were obtained from Ceramic Magnetics, Inc.: C2050, CMD5005, and N40. This nomenclature is provided by the manufacturer and does not indicate any specific material composition or concentration. These particles were reported by the manufacturer to have an average size of roughly 50 m and a spherical shape. Particles were sorted further using 53, 43, 25, 16, and 8 m pore screen meshes and some material was also ball-milled to obtain even smaller particles. Image analysis was used to classify particle size. Three different average sizes were obtained: 43.6, 15.4, and 6.7 m. The 6.7 m particles were produced from a 5 h ball milling process. Pertinent properties of these materials, including Curie temperature, are listed in Table I .
B. Magnetic Field Generation
The induction heating equipment used for initial testing was an Ameritherm Nova 1M power supply with a remote heat station, and a copper-wound solenoid coil with a 2.54 cm diameter, 7.62 cm length, and a total of 7.5 turns. This unit had an adjustable power setting capable of outputting 27-1500 Watts at between 10 and 15 MHz frequency. This high frequency would likely induce eddy currents in tissue . [14] , causing undesirable direct heating of the human body in medical applications. While the high frequencies used here are not suitable for direct clinical use, the same magnetic loss mechanisms present at the clinically [28] , should also be present in the particle materials at the higher frequencies used here, albeit at a different quantitative level. For these reasons, the 10-15 MHz range was seen as suitable for proof-of-principle testing.
The magnetic field was calculated indirectly using measurements of the impedance and the voltage drop across the coil. A Hewlett Packard 4285A 75 kHz-30 MHz LCR meter was employed to measure the impedance, which was nH at a frequency of 12.96 MHz. Assuming that the electrical resistance of the copper coil was negligible compared with the resistance created by the inductive reactance, it becomes possible to calculate the current through the coil using the following equations:
(1) (2) where is the impedance in Henry (525 nH), is the frequency in Hz as measured using an oscilloscope, is the inductive reactance, is the rms voltage in volts as measured using an oscilloscope, and is the calculated current in amps. Assuming the coil can be modeled as an ideal solenoid, the magnetic field at the center of the coil can be described as follows according to the Biot-Savart law [29] : (3) where is the permeability of free space and is equal to Henry/meter, is the number of turns in the coil, is the current through the coil in amps, is the coil radius in meters, is the coil length in meters, is a conversion factor, converting from units of Tesla to A/m, and is the field strength in A/m. Using the above techniques the peak magnetic field strength at the center of the coil was calculated for several power settings, this information is presented in the calibration curve found in Fig. 2 . This calibration curve is not linear due to the reflected power in the circuitry of the Ameritherm equipment [30] .
C. Prototype Device
To determine the impact of the added magnetic particles on SMP shape recovery, a proof-of-principle test was conducted to evaluate the actuation of complex shaped devices made using ferromagnetic particle loaded SMP. Two prototype therapeutic devices currently being developed in-house that would be difficult to heat and actuate using laser or resistive heating techniques due to their complex geometries were chosen: a flower-shaped endovascular thrombectomy device for stroke treatment and an expandable SMP foam device for aneurysm embolization. These devices are shown in their collapsed and deployed forms in Fig. 3 . These devices and mechanical test samples were made from an ester-based thermoset polyurethane SMP, MP 5510, purchased from Diaplex Company, Ltd., a subsidiary of Mitsubishi Heavy Industries, Ltd. The Diaplex SMPs are segmented polyurethanes whose morphological structure is biphasic, consisting of a soft phase matrix with hard phase inclusions. Actuation is achieved by heating above the soft phase transition; the nominal soft phase glass transition temperature of MP 5510 is 55 C. The SMP was loaded with 10% by volume C2050 43.6 m diameter nickel zinc ferrite particles. The devices were exposed to an alternating magnetic field of 12.2 MHz and approximately 400 A/m (center of the inductive coil) in air at room temperature while an infra-red thermal imaging camera recorded device temperature during actuation.
D. Dynamic Mechanical Thermal Analysis (DMTA)
To quantify the impact of the nickel zinc ferrite particles on the mechanical properties of the SMP, a DMTA test was conducted on neat SMP and particle loaded SMP. Testing samples were prepared using the same SMP, particles, and particle concentrations used in the prototype devices previously described. Measurements were made using a TA ARES-LS2 model rheometer with TA Orchestrator control software. The test atmosphere was dry air with heating by forced convection. Samples were first prepared by polymerizing in 1 ml syringes (polypropylene) at manufacturer recommended conditions [31] . Resulting samples were typically 4.65 mm in diameter and up to 70 mm in length. The ARES instrument was set up with a torsion cylinder test fixture and the test geometry typically used was at the molded diameter and with a 25 mm gap between upper and lower fixtures. Dynamic strain sweeps at temperature extremes (25 C and 120 C) were used to determine the range of linear viscoelastic behavior of the neat polymer. Dynamic temperature sweep tests were then performed on all samples at 6.28 rad/s (1 Hz) frequency from 25 C to 120 C, at a constant heating rate of 1 C/min, and starting with a shear strain of 0.01%, while using the control features of the software to adjust strain upward as temperature increased to maintain a minimum torque of 2 gram-cm. Data points were collected every 15 s. The rheological quantities of dynamic shear storage modulus G', dynamic shear loss modulus G", and the loss ratio G"/G' were calculated by the Orchestrator software from the raw torque and angular displacement data using standard formulae [32] .
E. Curie Thermoregulation and Hysteresis Loss
The presence of eddy current loss mechanisms in the inductive heating process can overcome the mechanism of thermoregulation offered by the Curie temperature limit imposed by hysteresis loss. Therefore, if temperatures above the particle Curie temperature can be reached in a given applied magnetic field, eddy current loss exists. The presence of eddy current loss was determined by using flakes of various Omega Marker temperature sensitive waxes mixed with the nickel zinc ferrite particles and then heated in a 12.2 MHz 545 A/m magnetic field. The thermo-sensitive wax transitions rapidly from a solid to a liquid at a prescribed temperature making it possible to determine when the particles had reached a specific temperature by physical observation. 
F. Calorimetry Tests
A calorimeter was made using a 2.54 cm diameter styrofoam cylinder. A 1.27 cm hole was bored through the center of the styrofoam to accommodate a 1.27 cm diameter plastic test tube filled with 4 ml of double distilled deionized water. A styrofoam top was fashioned to cover the exposed top of the test tube. This testing setup is illustrated in Fig. 4 . This configuration left a 6.35-mm-thick wall of insulating styrofoam around the entire test tube. To check that this was sufficient to prevent discernable heat loss to the environment a heat transfer calculation for the calorimeter geometry was conducted. The convective heat transfer coefficient for the calorimeter geometry of the calorimeter with free air convection was calculated to be W/m K. Using this value, the time for the system to reach 95% of its steady-state temperature, meaning the inflow of heat is approximately equal to the outflow, was calculated to be 464.4 s. This value is an order of magnitude greater than the time of the longest test, which was 45 s, suggesting that heat loss over the course of the tests was negligible.
SMP calorimetry samples were 1-mm-thick discs with a diameter of 9.52 mm. Twelve different MP 5510 SMP samples with varying magnetic particle sizes, volume content, and material types were prepared and tested. A SMP disc of the same geometry as the other samples but with no magnetic particles was also tested to serve as a control.
Samples were loaded into the styrofoam calorimeter so they were centered in the inductive coil. The sample position in the coil was consistent for all tests to ensure that all samples experienced the same magnetic field. An alternating magnetic field of 12.2 MHz and prescribed field strength was then applied for a designated amount of time. Immediately after the field was turned off, the temperature rise of the water was measured using a thermocouple. Temperature was not measured during magnetic field exposure because the thermocouple would have been directly heated by the magnetic fields used.
Tests were performed at a power setting of 500 and 1000 Watts on the Ameritherm power supply, and at 10, 20, 30, and 45 s exposure times. These power settings correspond to peak field strengths of A/m and A/m as calculated using (1)- (3) (see calibration curve in Fig. 2) . Temporal heating curves (temperature change as a function of magnetic field exposure time) were generated by averaging three temperature measurements for the same samples at each time setting, a representative set of these curves is shown in Fig. 5 .
Using the temperature rise measured in this series of tests, a power dissipation rate for each sample was calculated. It was assumed that the mass of the sample disc had negligible effect on the thermal properties of the system since the sample disc was less than 3%, by mass or volume, of the 4 ml of water. Using this assumption and neglecting any heat loss to the environment, the power generated in each test is equal to the power needed to heat the 4 ml of water. This allows the power dissipation to be calculated using the following equation: (4) where is the density of water in units of g/cm (0.99823 g/cm ), is the specific heat of water in units of J/gK (4.182 J/gK), is the volume of water in units of cm (4 cm ), dT/dt is the rate of temperature rise of the water in units of K/s (calculated from the slope of the heating curves), and is the dissipation in Watts. was divided by the sample volume, 0.07118 cm , to derive the average volumetric power dissipation of the inductively heated SMP samples. The volumetric power dissipation of the magnetic particles was also calculated by first subtracting the of the neat SMP control sample from that of the particle loaded samples, and then dividing this adjusted by the volume of the magnetic particles. 
III. RESULTS
A. Prototype Device Actuation
Thermal images of the SMP devices actuating are shown in Fig. 6 . Both the flower and foam devices fully actuated, showing qualitatively that the presence of particles up to 10% by volume did not interfere with the shape memory properties of the material. The flower actuated in under 25 s, with the magnetic field elevating the temperature of the device from 23 C to 64 C. The foam actuated in under 15 s with the temperature rising from 23 C to over 78.6 C. Neither particle volume content nor magnetic materials were optimized for either of the devices.
B. Dynamic Mechanical Thermal Analysis (DMTA)
The glass transition temperature of the SMP and the ratio of glass state to rubber plateau moduli have been used previously to characterize the SMP actuation temperature and shape recovery properties of SMPs [33] , [34] . DMTA was used to determine these properties for particle-loaded and neat (unloaded) SMP, with storage and loss moduli G' and G" shown in Fig. 7 . Values of Tg, as well as the storage moduli (G') at C, and at C were calculated from the data and are given in Table II . While either the peak in G" or the peak in are often used to define Tg, the average temperature of the two peaks is used to determine Tg here, with the following justification. The average in peak temperature is closer to the midpoint in the transition from the glassy state modulus to the rubber plateau modulus for these materials. The maximum in loss modulus and that occur during DMTA tests signal different degrees of molecular motion in the polymer, with the maximum in the loss modulus signaling shorter range motion associated with the onset of the glass transition region, and the maximum in signaling longer range coordinated molecular motion associated with approaching the end of the glass transition region and the beginning of the rubbery plateau region [34] . In the case of SMPs, it has been found that the temperature at which recovered strain increases with temperature is maximum near the midpoint in the modulus curve and below the Tg as determined by [35] . We have found that as applied to SMPs choosing the Tg to be the average of T(G" peak) and T ( ) maximum defines well the actuation transition, and it is thus used here. All of these values increased with the addition of particles.
C. Curie Thermoregulation
Using the thermosensitive waxes to gauge the temperature of the nickel zinc ferrite particles, CMD5005 and C2050 were observed to stop heating at close to their nominal Curie temperatures of 130 C and 340 C, respectively. The Curie temperature of N40 (510 C) was beyond the temperature range of the Omega Marker waxes but it was observed to heat above 340 C as expected. While these temperatures may exceed acceptable physiological limits, the results demonstrate the nature of Curie thermoregulation, and they suggest that the magnetic heating mechanisms at work are those of hysteresis losses and not eddy currents at the applied field of 12.2 MHz and 545 A/m. Further, theoretical predictions of eddy current power dissipation in conductive particles show a direct proportionality with the square of the frequency of the applied field and the diameter of the particle [36] , suggesting that the use of lower frequencies and smaller particles would even further reduce the presence 
D. Calorimetry Tests
Representative temporal heating curves for SMP loaded with a specific particle type and size (C2050, 43.6 m), as well as for neat (unloaded) SMP are shown in Fig. 5 . Volumetric power dissipation of nickel zinc ferrite particles between 6.7-43.6 m diameter was demonstrated to be between 128-1050 W/cm for a 12.2 MHz magnetic field strength of 422-545 A/m, as shown in Table III . The observed decrease in power dissipation as particle diameter decreased was a predictable result according to multidomain magnetic particle theory that shows coercivity to be proportional to the inverse of the diameter [22] . Also, basic magnetic hysteresis theory predicts the observed increase in power dissipation for multidomain magnetic particles at increasing magnetic field strengths when field amplitudes are below the material coercivity [37] , as is the case in these tests. An interesting and unexpected trend that is present in the calorimetry data is a decrease in the particle heating efficiency as the volume content of particles increases. This trend was present for both field strengths, 545 and 422 A/m, and can be seen in the 545 A/m data in Fig. 8 . The volumetric power dissipation of the magnetic particles in SMP at 20% volume fraction was roughly 40% less than that at 1% volume fraction.
IV. DISCUSSION
While the high Curie temperature of the magnetic particles and frequency of the magnetic fields used here are not optimized for medical use, clinically safe magnetic fields have been used to selectively heat Curie thermoregulated ferromagnetic materials in vivo to clinically relevant temperatures of C in a number of hyperthermia studies [14] - [19] , suggesting the feasibility of the same approach to actuate SMP devices in vivo.
For these reasons, it should be easy to find a suitable particle material that heat with clinically safe magnetic fields. However, questions about how particles interact with the SMP matrix and how their dispersion and proximity to one another affect heating characteristics remain. The observed decrease in the volumetric heating efficiency of particles as volume content of particles in SMP increased points to a possible magnetic shielding effect the particles may have on each other as they become more closely packed in the polymer matrix. This shielding could lower the magnetic field strength experienced by the particles, and thus lower the volumetric power dissipation. No previous research on this effect has been found, making it a possible topic for further work. While the diminished heating efficiency of particles at higher volume content is something to be aware of, it does not appear that it will prevent SMP actuation as sufficient heating for SMP actuation occurred at relatively low particle concentrations of 5%-10% by volume.
The effect of particulate filler on a continuous polymer matrix has been previously studied in great detail and a number of models exists which can predict the impact of particles on the shear modulus of the composite [38] . The DMTA results can be compared with these theoretical predictions in order to provide a sense of how closely the inductively heated SMP materials conform to classical expectations. One well-known model is the Guth and Smallwood equation, which is an extension of the Einstein equation to include two particle interactions [38] ( 5) where is the shear modulus of the polymer/particle composite, is the matrix modulus taken to be that of the neat polymer, and is the volume fraction of particles. Equation (5) predicts that the presence of 10% volume of particles should increase the modulus by roughly 39%. The observed results were close to this, with the glassy modulus of the material increasing by 56%, and the rubbery modulus by 24%. More extensive DMTA testing is in progress to further characterize the affect that different particle volume contents have on the mechanical properties of the SMP. More information on the impact of particle loading on the mechanical properties of SMP particle composites can be found in previous research [39] , [40] V. CONCLUSION We have demonstrated the feasibility of fabricating inductively heated SMP devices employing dispersed nickel zinc ferrite ferromagnetic particles and using a magnetic field to trigger actuation. Elimination of a physical power connection removes restrictions on device geometry imposed by laser and resistive heating modalities. Furthermore, as a result of the predominant hysteresis loss heating mechanism, self-thermoregulation can be achieved by tailoring the particle Curie temperature to prevent overheating in medical applications. Initial actuation testing indicated that the addition of 10% volume content of particles provides sufficient heating for SMP actuation in air and does not interfere significantly with the shape memory properties of the material. Preliminary DMTA results show an increase in the modulus of the SMP composite with the addition of 10% particles that is in accordance with standard composite theory, as well as an increase in the glass transition temperature of the soft phase of the SMP. With further optimization of particle material to provide clinically acceptable Curie temperatures and magnetic field frequencies, inductive heating may provide an effective means of deployment of SMP medical devices. From 1991 to 2000, he was with Rohm and Hass Company, where he focused on the characterization of rheological, thermal, and physical properties of polymeric materials with application to new material development and material processing. Since 2000, he has worked in the Medical Physics and Biophysics Division at Lawrence Livermore National Laboratory (LLNL), Livermore, CA. His current research interests include synthesis and characterization of new shape memory polymers, hydrogels, and biomaterials for medical devices, biosensors, and artificial organs.
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